The human DARC (Duffy antigen receptor for chemokines) gene encodes a membrane-bound chemokine receptor crucial for the infection of red blood cells by Plasmodium vivax, a major causative agent of malaria. Of the three major allelic classes segregating in human populations, the FY*O allele has been shown to protect against P. vivax infection and is near fixation in sub-Saharan Africa, while FY*B and FY*A are common in Europe and Asia, respectively. Due to the combination of its strong geographic differentiation and association with malaria resistance, DARC is considered a canonical example of a locus under positive selection in humans.
. For example, using Sweepfinder, a method designed to 133 detect recently completed hard selective sweeps based on the site frequency spectrum, the 134 region is in the 97th percentile genome-wide in African populations. Similarly, using H-scan, a 135 statistic designed to detect hard and soft sweeps via pairwise homozygosity tract lengths, we 136 find the DARC region in the 95th percentile. We note however that accumulation of diversity 137 and elevated recombination rate (average rate 3.33 cM/MB in 5kb region) may reduce the 138 power of these statistics. 139 We also compared extended haplotype homozygosity (EHH) [50] and integrated haplotype 140 score (iHH) [27] in the region for each of the three allelic classes (S1 Fig.) . EHH patterns 141 between populations of the same continent show strong similarity, consistent with the low 142 levels of population structure observed within the continents. EHH in the FY*B samples 143 decreases rapidly with genetic distance, while the FY*A and FY*O samples show higher levels 144 linkage disequilibrium. When examining EHH separately for each of the two major FY*O 145 haplotype backgrounds, we find increased linkage disequilibrium, as expected. 146 Finally, we screened ancient human genomes for the presence of the DARC alleles. We find 147 no evidence for the FY*O mutation, consistent with the absence of genomes from sub-Saharan 148
Africa in currently available ancient DNA datasets. The archaic hominin genomes of the 149 Denisovan and Altai Neandertal carry the ancestral FY*B allele, while an ancient Ethiopian 150 genome dated at 5,000 years old is a FY*A/FY*B heterozygote [51] [52] [53] . Additionally, we find 151 that Ust'-Ishim, a 45,000 years old individual from Siberia [54] is also heterozygous for FY*A. 152 PLOS 7/37
Evidence of positive selection at FY*A Evidence for positive selection at the FY*A 153 allele is currently under debate; binding assays show decreased binding of P.vivax to FY*A [13] , 154 though studies of the incidence of clinical malaria reach differing conclusions [12] [13] [14] 16] . 155 Despite this debate, it exhibits strong population differentiation and structure. FY*A is present 156 at high frequency in Europe, Asia and southern Africa, but is conspicuously absent from the 157 rest of sub-Saharan Africa. Similar to FY*O, FY*A has a very high Fst (99.99th percentile); 158 however, selection scans based on the site frequency spectrum and linkage disequilibrium fail to 159 detect selection ( H-scan is in the 51st percentile, while Sweepfinder is slightly elevated to the 85th percentile. 161 We further analyzed the frequency trajectory of FY*A over time utilizing ancient genomes. 162 We find that FY*A maintains a 30-50% frequency in our samples throughout most time 163 periods and geographic regions, indicating that FY*A was already common in Eurasia as early 164
as the Upper Paleolithic (S3 Fig) . We note these frequencies are substantially lower than those 165 observed in contemporary East Asian populations. However, most of the Bronze Age Asian 166 samples are from the Altai region in Central Asia, which have been shown to derive a large 167 fraction of their ancestry from West Eurasia sources [55] . We also note that the only published 168 ancient African (Ethiopian) genome is heterozygous for the FY*A allele, indicating FY*A was 169 likely not introduced into East Africa due to recent back migration [53] . between the different models utilizing cross validation. We show that we have high power to 199 distinguish between de novo and higher initial frequencies, though there is some overlap 200 between adjacent models (S1 Appendix). Utilizing a multinomial logistic regression method, we 201 observed strong support for the 0.1% initial frequency model and low support all other models 202 (posterior probabilities: de novo 0.0002; 0.1% 0.9167; 1% 0.0827; 10% 0.0000; 25% 0.0004)(S1 203 Appendix). We conclude selection on FY*O occurred on standing variation with a very low 204 (0.1%) allele frequency at selection onset. 205 We next sought to infer the strength of the selective pressure for FY*O. We estimated 206 FY*O's selection coefficient via ABC and local linear regression, assuming an allele frequency 207 at selection onset of 0.1%. We find we have reasonable power to accurately infer s from these 208 simulations; estimated and true selection coefficients have an r 2 value of 0.85 with a slight bias 209 of regression to the mean (S1 Appendix). We estimate the selection coefficient to 0.043 (95% 210 CI: 0.011 -0.18) ( Fig 3) . This selection coefficient is similar to other loci inferred to have 211 undergone strong selection in the human genome, including skin pigmentation and other 212 malaria resistance alleles [26, 60, 61] . To validate our model choice, we sampled selection coefficients from this posterior 216 distribution and ran simulations with the initial frequency drawn from either 10 U (−5,−0.5) or 217 U (0, 1). With the log-based prior distribution, we re-estimate the initial frequency at 0.15% 218 (95% CI: 0.018 -0.77%; S1 Appendix), closely fitting our inference. With the uniform prior 219 distribution, we have much lower power to estimate initial allele frequency and we re-estimate 220 the initial frequency at 6.86% (95% CI: -20.3 -51.6%)(S1 Appendix). This is not surprising as 221 it has previously been shown that it is very difficult to estimate initial frequency with this 222 prior [62] .
223
Allelic Classes of Southern Africa
224
We also sought to understand the history of these alleles in southern Africa as, unlike Bantu-speaking populations (Fig 2) . However, the increase in diversity may be due to calling 248 biases and recombination between different allelic classes in the Zulus (see discussion). 249 We then sought to understand the prehistory of FY*A in southern Africa. The FY*A allele 250 is common in San populations, despite its absence from equatorial Africa. We compared the infection factor not only for P. vivax but also for primate-related parasites such as Plasmodium 270 knowlesi in macaques and Hepatocystis kochi in baboons [6, 38, 43] . Recent results suggest 271 Japanese macaques are resistant to P.vivax potentially due to missense mutations in the 272 binding region [65] . Furthermore, previous studies have found evidence for positive selection in 273 DARC throughout the mammalian lineage based on sequence data from single individual great 274 ape species [44] . We extend previous analyzes by including population level data for different 275 great apes (chimpanzees, bonobos, and gorillas). 276 We extracted polymorphism data from the DARC gene region in chimpanzees, bonobos, 277 and gorillas. All samples carry the ancestral FY*B allele. There were no mutations in the 278 PLOS
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GATA-1 transcription box (the FY*O mutation location), and chimpanzees and bonobos 279 exhibited no missense mutations in the P. vivax binding region of DARC (S11 Table) . We also 280 do not find the 100 kb region around the Duffy gene to be an outlier with respect to Tajima's 281 D, the number of pairwise differences, nor the number of segregating sites.
282
Notably, gorillas have one nonsynonymous SNP in the DARC P.vivax binding region, 283 heterozygous in 3 of our 24 samples, which changes the same codon as the FY*A human 284 mutation. The human FY*A mutation converts asparagine to glycine, while the gorilla 285 mutation converts it to aspartic acid. However, asparagine is similar in charge and composition 286 to aspartic acid, so functional impact of the mutation is unclear. Gorillas are also the only 287 great ape species previously shown to have a fixed difference, also in the P. vivax binding 288 region (V25A, [44] ). This fixed difference has been shown to disrupt interaction between 289 DARC and P.vivax ( [66, 67] , though gorillas are still infected with P.vivax -like parasites [38] ). 290 In what follows, we explain how these different lines of evidence describe a complex picture for 305 the evolution of this highly relevant locus for human evolution. First, we identify two divergent 306 haplotypes carrying the FY*O mutation, an observation that is consistent with previous Bantu admixture in Baka: 6.5 -9.4%) [72, 73] . However as many individuals were estimated to 320 have no Bantu admixture, these identical haplotypes are unlikely to be due to recent gene flow. 321
Discussion
All together these observations are consistent with the mutation sweeping before or during the 322 would be reasonable to consider such a low initial frequency equivalent to a scenario of 445 selection on a de novo mutation. In order to distinguish between the two possibilities we use 446 the diffusion approximation by Kimura [93, 94] to estimate the probability of fixation (equation 447 8 in [94] ) and demonstrate that it is much more likely to reach fixation with an initial 448 frequency of 0.1% than a scenario of a new mutation arising in the population. We find that an 449 allele with selection coefficient 0.043 and initial frequency 0.001 has a 99.4% probability of 450 fixing, while a de novo mutation with the same s has only an 8.2% probability of fixing. It is 451 important to note that in our calculation the initial frequency (p) in the equation for the de 452 novo mutation scenario is calculated using the effective population size, as opposed to the or Africa. Previously, it was thought P.vivax originated in Asia, as Asian P.vivax has the 469 highest genetic diversity [40, 95] . However, recent evidence shows global human-specific P.vivax 470 forms a monophyletic cluster from P. vivax -like parasites infecting African great apes, 471 suggesting an African origin [38] .
472
Human-specific P.vivax sequences form a star-like phylogeny likely due to a relatively 473 recent demographic expansion. Our TMRCA estimates of human-specific P.vivax sequences are 474 70 -250 kya (S12 Table) , consistent with previous estimates (50 -500 kya, [40, 41, 95] including African parasites, sufficient data remains that is inconsistent with P. vivax having an 486
African origin. For example, the most closely related parasite to P. vivax is P. cynomolgi, a 487 macaque parasite [38, 40] , and the most genetically diverse populations of P. vivax are in Asia 488
and Melanesia [41, 95] . Additionally, it is yet unclear if such a high selection coefficient is 489 consistent with the fact that the general severity of P. vivax is currently much lower than that 490 observed for P. falciparum, causing more morbidity than mortality. The combination of these 491 observations lead us to suggest that further work is necessary to better understand the 492 evolutionary history of P. vivax to reconcile the demographic scenarios that could have given 493 rise to such a complex pattern. allelic states were determined via the human ancestor sequence provided by ensembl from the 6 527 primate EPO [103] . SNPs without a human ancestor were not included in analyses.
528
Ancient Genomes Ancient genomes were processed as described in Allentoft et al. [55] .
529
Briefly, we randomly sampled a high quality read for each ancient individual with coverage at 530 the Duffy SNPs. Population allele frequencies were then estimated by combining multiple 531 individuals into populations as in Allentoft et al. [55] .
532
Great Ape Sequence Data Great ape sequences mapped to their species-specific 533 genomes from Prado-Martinez et al. [104] were utilized in this analysis. Sweepfinder, a method designed to detect recent hard selective sweeps based on the site 557 frequency spectrum was ran via the SweeD software [47, 48] . H-scan, a statistic designed to 558 detect hard and soft sweeps [49] , measures the average length of pairwise homozygosity tracts 559 in a population. By utilizing pairwise homozygosity tracts, this method can detect soft sweeps, 560 sweeps that have resulted in multiple haplotypes reaching high frequency. The default distance 561 method was used (-d 0) and the maximum gap length between SNPs was set to 20kb. To 562 calculate recombination adjusted results, recombination rates from deCODE [110] were lifted 563 over from hg18 to hg19. We limited comparisons to regions with average recombination rates 564 within 25% of the DARC region's recombination rate. EHH was calculated via the R package 565 rehh [111] .
566
Inference of T MRCA We estimated the TMRCA of the FY*A and FY*O mutations 567 through a method based on the average number of pairwise differences between two 568 haplotypes [56] . We used the equation,T = π µ , where π is the average number of pairwise [56] show that near star-like 578 phylogenies, with N0 * s >> 0, result in valid allele age estimates. We estimate the TMRCA of 579 FY*O's two major haplotypes separately as their deep divergence would strongly violate the 580 star-like phylogeny requirement. We focused on a star-like phylogenetic method, as opposed to 581 the coalescent, as the latter does not take into account selection, an apparently strongly 582 influencing effect in this region, and thus would result in an artificially much older TMRCA 583 estimate.
584
We developed a variation of this method to account for recombination exhibited between 585 allelic classes. For each pair of haplotypes, we identified the maximum region around the focal 586 SNP with no signs of recombination between these haplotypes and haplotypes of other allelic 587 classes. To identify this region, we expanded out from the focal SNP until we identified a SNP 588 that was segregating both in the haplotype pair and in any samples in other allelic classes.
589
This SNP is identified as a potential recombinant. The region for comparison is then set to the 590 region between the two farthest nonrecombinant SNPs on each side plus half the region 591 between the last nonrecombinant SNP and the first potential recombinant SNP. To calculate 592 pairwise TMRCA, we count the number of nucleotide differences between the two haplotypes in 593 this region. All pairwise TMRCA estimates are then averaged to estimate sample TMRCA.
594
Minimum and maximum region sizes were also set. The minimum total sequence length was 595 set to 3,000 basepairs, to ensure the expected number of mutations is at least one. This is 596 important because if, for example, the SNPs adjacent to the focal SNP are both potential 597 recombinants, the estimate allele age from these haplotypes would be 0, biasing the estimate to 598 a more recent time. A maximum region size is set because the signature of selection decays as 599 distance increases from the focal SNP, likely due to unseen recombination events. The 600 maximum distance on each side was set to the distance in which EHH fell below 0. PLINK and sites with missing genotype rate greater than 10% were filtered out. SHAPEIT 673 v2.r790 was used to phase this merged data set [120] . For further phasing accuracy, family 674 information was included for the Nama individuals and the -duohmm option was used when 675 PLOS 23/37 
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S2 Table
Allele frequencies by population
S3 Table
Nucleotide diversity statistics. Nucleotide diversity statistics in the 5kb, 10kb, and 20kb region surrounding the FY*O mutation.
S4 Table
Promoter region summary statistics. Summary statistics were calculated in 750 bp region upstream from DARC and compared to the 750 bp region upstream from all other genes in genome in each population. Summary statistics calculated: number of segregating sites (s), number of pairwise differences (π), and Tajima's D. We quantified the percentile in the genome (Per.), median, and 95% confidence interval (CI). 
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S11 Table
Great ape DARC nonsynonymous mutations. All nonsynonymous mutations segregating in the DARC gene region in gorillas, chimpanzees, and bonobos. 
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